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GRAPHICAL  ABSTRACT 


•  Microsphere  MnO  is  prepared  by 
simple  decomposition  of  MnC03. 

•  MnO  shows  better  electrochemical 
performance  than  MnC03. 

•  Both  the  performances  of  MnC03  and 
MnO  could  be  improved  by  support¬ 
ing  with  CNTs. 

•  The  MWNTs/MnO  composite  shows 
superior  capacitive,  rate  and  cycling 
performances. 
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Transition  metal  oxides  and  carbonates  are  emerging  anode  materials  for  lithium-ion  batteries  based  on 
conversion  reactions.  In  this  paper,  MnO  sphere  is  simply  prepared  by  decomposition  of  the  spherical 
MnC03  precursor,  and  multi-walled  carbon  nanotubes  (MWNTs)  are  employed  to  modify  their  lithium 
storage  capabilities.  It  is  found  that  the  MnO  system  has  superior  battery  performance  over  MnC03 
although  both  of  their  performances  could  be  significantly  improved  by  carbon  nanotube  backbones.  In 
particular,  the  MWNTs/MnO  composite  sphere  shows  an  outstanding  electrochemical  performance  with 
a  comparatively  lower  lithium  extraction  potential.  The  reversible  specific  capacity  at  35  mA  g-1  is 
~1005  mA  h  g-1  with  an  initial  coulombic  efficiency  of  ~68%.  After  200  cycles  at  130  mA  g-1,  the  ca¬ 
pacity  is  slowly  decreased  from  ~  722  mA  h  g-1  to  ~  597  mA  h  g-1  indicating  a  retention  of  ~  83%.  Under 
a  high  current  rate  of  715  mA  g-1  ( ~  1.6  C),  it  could  still  deliver  ~447  mA  h  g-1.  The  high  conductivity  of 
MWNTs,  unique  spherical  morphology  of  the  composite,  facile  electron  and  Li+  transportations  in  the 
electrode/electrolyte  interface,  self-accommodation  of  the  large  volume  change  during  discharge/charge 
and  synergetic  lithium  storage  from  each  component  are  ascribed  for  the  advanced  performance. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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Due  to  the  high  specific  capacity,  long  cycling  life  and  fast 
charge/discharge  rate,  lithium-ion  battery  has  been  widely  used  in 
portable  electronic  devices,  and  is  being  intensively  explored  in 
high  efficiency  energy  storage  applications  such  as  electric  vehicles 
(EVs)  to  meet  the  increasing  global  energy  and  environmental  crisis 
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[1,2  .  The  current  anode  material  for  commercial  lithium-ion  bat¬ 
tery  is  mostly  still  graphite-based  carbon  as  was  invented.  How¬ 
ever,  the  low  volumetric  capacity  and  potential  safety  issue 
constrain  the  broad  application  of  carbon  anode  in  next  generation 
high  energy/power  lithium-ion  batteries  [3].  A  large  number  of 
novel  materials  such  as  Li4Ti50i2  [4],  Sn  [5],  Si  [6]  and  transition 
metal  oxides  MOx  (M  =  Fe,  Co,  Ni,  Cu,  Mn,  etc.)  [7]  have  emerged  in 
recent  years  as  alternative  anode  candidates.  Poizot  [8]  et  al.  first 
reported  the  attractive  lithium  storage  capability  of  MOx  via  con¬ 
version  reactions  [9]  during  Li+  insertion/extraction.  When  used  in 
lithium-ion  batteries,  such  metal  oxides  exhibit  high  theoretical 
capacities  but  sluggish  reaction  kinetics  during  discharge/charge, 
therefore,  a  large  potential  hysteresis  ( ~  1.0  V)  is  usually  generated. 
In  addition,  the  low  electric  conductivity  and  large  volume  change 
during  Li+  incorporation/extraction  make  them  far  away  from  large 
scale  commercialization. 

Among  various  transition  metal  oxides  MOx,  manganese  mon¬ 
oxide  MnO  has  a  relatively  small  potential  hysteresis  ( ~0.7  V)  [10], 
high  specific  capacity  (theoretically  755.6  mA  h  g_1),  low  electro¬ 
motive  force  (1.032  V  vs.  Li/Li+  hereafter)  [11]  and  high  density 
(5.43  g  cm-3)  [12],  therefore,  is  a  perspective  anode  material  for 
lithium-ion  batteries  [13].  However,  like  other  MOx,  the  capacitive, 
rate  and  cycling  performances  are  severely  deteriorated  by  the  low 
electric  conductivity  and  large  volume  change  during  Li+  incorpo¬ 
ration/extraction  [14].  Particle  down-sizing  and  carbon  coating  are 
introduced  as  common  routes  to  improve  the  electrochemical 
performance  of  MnO  [10].  For  example,  Ding  [15]  et  al.  prepared 
pure  nano-MnO  by  a  simple  solid  state  reaction  method  which 
shows  a  reversible  capacity  of  679.7  mA  h  g-1,  584.5  mA  h  g_1  and 
290  mA  h  g-1  between  0.01  V  and  3.0  V  at  the  current  density  of 
46.3  mA  g-1,  141.1  mA  g  1  and  494.7  mA  g-1,  respectively.  Liu  [16] 
et  al.  further  coated  a  carbon  layer  on  the  surface  of  nano-sized 
MnO,  and  increased  the  reversible  capacity  to  —700  mA  h  g_1, 
320  mA  h  g-1  and  235  mA  h  g-1  between  0.01  V  and  2.0  V  (note  the 
narrower  potential  window)  at  the  current  density  of  75  mA  g_1, 
375  mA  g^1  and  755  mA  g-1,  respectively.  Moreover,  nano¬ 
structure  design  [17,18],  e.g.,  nanoplate  [19],  nanotube  [20,21], 
nanoflake  [22],  nanosheet  [23,24],  nanofiber  [25],  hollow  sphere 
[26]  and  nanocrystalline  thin  film  [27,28],  shows  great  potential  in 
modification  of  the  physicochemical  properties  thus  the  battery 
performance  of  MnO. 

In  the  previous  work,  we  demonstrated  the  remarkable  per¬ 
formance  advancement  of  MnO  rods  by  introducing  carbon  nano¬ 
tubes  (CNTs)  [29],  and  the  electrochemical  performance  was 
further  improved  by  forming  a  CNTs/MnO/C  hybrid  matrix  [30]. 
Comparing  with  graphene  anchored  MnO  that  exhibits  similar 
performance,  CNTs  are  much  more  cost-effective.  In  this  paper,  the 
composite  spheres  of  multi-walled  carbon  nanotubes  and  manga¬ 
nese  monoxide  (MWNTs/MnO)  are  prepared  by  thermal  decom¬ 
position  of  the  MWNTs/MnC03  precursor.  The  battery 
performances  of  MnO  spheres  with/without  MWNTs  are  compar¬ 
atively  studied,  and  that  of  the  MnC03  and  MWNTs/MnC03  pre¬ 
cursors  are  discussed  as  well. 

2.  Experimental 

The  multi-walled  carbon  nanotubes  were  purchased  from 
Shenzhen  Nanotech  Port  Co.,  Ltd,  and  were  pretreated  in  a  mixed 
solution  of  H2SO4/HNO3  (3/1,  volume  ratio)  before  usage  [31,32]. 
0.12  g  so-functionalized  MWNTs  were  dispersed  in  100  mL  deion¬ 
ized  water  by  ultrasonicating  for  2  h.  A  little  ethanol  and  OP- 10 
(polyoxyethylene  octylphenol  ether)  surfactant  were  added  to 
enhance  the  solubility  of  MWNTs.  0.845  g  reagent  grade 
MnS04H20  was  added  at  4  °C  followed  by  vigorous  stirring  for 
12  h.  100  mL  0.4  mol  L-1  NH4HC03  aqueous  solution,  which  was 


also  prepared  at  4  °C  by  magnetic  stirring,  was  added  with 
continuous  stirring  at  4  °C  for  2  h.  The  precipitated  MWNTs/MnC03 
was  collected  by  repeated  filtration  and  washing,  and  was  dried  at 
80  °C  for  12  h  under  vacuum.  The  MWNTs/MnC03  composite  was 
sintered  at  700  °C  for  3  h  under  argon  (Ar)  protection  to  synthesize 
MWNTs/MnO.  Pure  MnC03  was  prepared  by  simply  precipitating 
MnS04  H20  and  NH4HC03  without  adding  MWNTs,  and  the  cor¬ 
responding  bare  MnO  was  obtained  by  the  same  calcination  pro¬ 
cess  as  described  above. 

Powder  X-ray  diffraction  (XRD)  was  performed  on  an  X’Pert  Pro 
(PANalytical)  with  Cu  Ka  radiation.  Field  emission  scanning  elec¬ 
tron  microscopy  (FESEM,  Hitachi  S-4800)  was  used  to  observe  the 
particle  size  and  morphology.  A  thin  platinum  (Pt)  layer  was 
deposited  for  better  freezing  of  the  FESEM  images.  The  chemical 
elements  were  detected  by  the  energy  dispersive  X-ray  spectros¬ 
copy  (EDX)  attached  to  the  FESEM.  The  tap  density  was  measured 
by  a  JZ-7  Powder  Tap  Density  Analyzer  (Chengdu  Jingxin  In¬ 
struments  Co.  Ltd.). 

CR2016  coin  cells  were  fabricated  to  study  the  electrochemical 
performances.  Lithium  metal  was  used  as  the  counter  electrode, 
and  the  electrolyte  was  1  mol  L-1  LiPF6  in  ethylene  carbonate/ 
dimethyl  carbonate  (EC/DMC,  1/1).  The  working  electrode  was 
consisted  of  70  wt.%  active  material  (MnC03,  MnO,  MWNTs/MnC03, 
MWNTs/MnO),  20  wt.%  acetylene  black  and  10  wt.%  polyvinylidene 
fluorine  (PVDF).  The  prototype  batteries  were  made  in  an  Ar- filled 
glove  box  under  rigid  water  and  oxygen  monitoring,  and  were 
galvanostatically  discharged/charged  at  room  temperature  be¬ 
tween  0.01  V  and  3  V  on  a  CT2001A  Land  Battery  Testing  System. 
The  specific  capacities  of  MWNTs/MnC03  and  MWNTs/MnO  are 
calculated  by  the  total  weights  of  the  composites  throughout  this 
paper,  i.e.  the  weights  of  MWNTs  are  not  excluded.  The  electro¬ 
chemical  impedance  spectroscopy  (EIS)  was  carried  out  by  a  Ver¬ 
satile  Multichannel  Galvanostat  2/Z  (VMP2,  Princeton  Applied 
Research)  in  the  frequency  range  from  105  Hz  to  10  2  Hz. 

3.  Results  and  discussion 

As  shown  by  powder  X-ray  diffraction  (Fig.  1),  well  crystallized 
MnC03  and  MnO  are  prepared,  respectively,  after  precipitation  and 
calcination.  The  peak  at  -2 6  =  26.6°  corresponding  to  carbon 
nanotubes  (CNTs)  is  also  indexed  for  the  composites.  It  is  appre¬ 
ciably  broadened  possibly  due  to  the  defects  created  by  function¬ 
alization  of  MWNTs.  In  addition,  no  other  impurity  is  detected  for 
all  the  samples.  Moreover,  the  FESEM  image  in  Fig.  2(a)  shows  that 
MnC03  has  a  homogeneous  spherical  morphology  with  diameters 
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Fig.  2.  FESEM  images  of  MnC03  (a),  MnO  (b),  MWNTs/MnC03  (c)  and  MWNTs/MnO  (d).  The  insets  display  the  morphologies  at  a  lower  magnification. 


of  about  1.4— 1.5  pm.  The  primary  particles  constructing  the  spheres 
are  sized  between  40  and  50  nm.  Such  unique  particle  shape  is 
generally  kept  in  subsequently  obtained  MnO  (Fig.  2(b)).  Compared 
with  the  MnC03  precursor,  the  primary  particles  of  MnO  are  loosely 
packed  to  form  the  secondary  microspheres,  which  are  very 
probably  caused  by  CO2  releasing  during  calcination  [11  ].  As  can  be 
seen  from  Fig.  2(c)  and  (d),  the  spherical  morphology  is  not 
changed  by  combing  with  carbon  nanotubes,  and  uniform  MWNTs / 
MnC03  spheres  and  MWNTs/MnO  spheres  are  observed,  respec¬ 
tively.  But  the  secondary  particle  size  is  only  - 1.0-1.2  pm  for  both 
of  them,  which  is  slightly  smaller  than  that  of  their  counterparts 
without  MWNTs.  Carbon  nanotubes  therefore  might  affect  the 


crystal  growth  of  MnC03  in  the  composite  during  precipitation. 
Fig.  3  shows  the  EDX  spectrogram  on  a  selected  area  of  MWNTs/ 
MnO.  The  signal  of  deposited  platinum  (Pt)  for  easier  FESEM 
measurement  is  also  detected.  Despite  the  inaccuracy  of  quantita¬ 
tive  analysis  of  EDX  technique,  the  large  amounts  of  Mn  and  0  on 
the  surface  of  MWNTs  indicate  that  CNTs  are  coated  by  manganese 
oxide.  The  MWNTs  coated  by  MnO  are  then  connected  together  to 
form  the  spherical  MWNTs/MnO  composite. 

The  lithium  cyclability  of  manganese  carbonate  (MnC03)  is 
seldom  investigated.  Based  on  traditional  conversion  reaction 
yielding  LiC03  and  Mn  metal,  the  theoretical  specific  capacity  of 
MnC03  is  466  mA  h  g-1.  Flowever,  Tirado’s  group  [33  practically 


Fig.  3.  EDX  spectrum  (b)  of  MWNTs/MnO  on  the  selected  area  (a). 
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achieved  a  first  charge  capacity  of  -600  mA  h  g_1  at  0.25  C  in  the 
potential  range  of  0-3.0  V.  To  our  knowledge,  little  electrochemical 
data  is  available  since  then.  Here,  we  investigated  the  battery  per¬ 
formance  of  MnC03  between  0.01  V  and  3.0  V  (Fig.  4).  In  the  first  5 
cycles,  the  discharge/charge  current  density  is  30  mA  g-1.  The 
reversible  specific  capacity  of  the  first  cycle  is  -635  mA  h  g-1 
which  is  in  good  agreement  with  Tirado’s  work  [33].  Nonetheless, 
the  initial  coulombic  efficiency  (charge  capacity  divided  by 
discharge  capacity)  is  only  -39%,  and  the  capacity  is  dramatically 
decreased  to  -424  mA  h  g-1  after  5  cycles.  At  a  higher  current 
density  of  60  mA  g-1,  the  specific  capacity  is  dropped  from 
-323  mA  h  g_1  to  - 164  mA  h  g-1  after  90  cycles  corresponding  to 
a  capacity  retention  of  only  -51%.  Take  the  first  and  sixth  cycle  in 
Fig.  4(a)  as  examples,  coincidentally  -51%  of  the  capacity  is  lost 
when  the  current  density  is  doubled.  The  large  capacity  degrada¬ 
tion  along  with  cycling  and  the  inferior  rate  capability  might  be  the 
reason  of  the  tardy  development  of  MnC03  anode.  Fig.  4(b)  depicts 
the  discharge/charge  curves  of  MnC03  at  selected  cycles.  During 
first  discharging,  three  distinct  potential  regions  are  notified.  The 
first  plateau  at  -1.3— 1.2  V  corresponds  to  the  formation  of  SEI 
(solid  electrolyte  interface)  layer  [8]  which  contributes  an  irre¬ 
versible  capacity  of  about  135  mA  h  g-1.  The  second  plateau  at 
-  0.4— 0.3  V  corresponds  to  Li+  insertion  into  the  host  material  by 
transformation  of  MnC03  into  UCO3  and  Mn,  which  provides  most 
of  the  reversible  capacity.  The  slope  line  thereafter  from  -  0.3  V  up 
to  the  cutoff  (0.01  V)  is  the  third  region  where  Li+  is  further 
incorporated  by  an  interfacial  storage  mechanism  [34].  During 


charging,  the  average  Li+  extraction  potential  is  found  to  be  about 
1.43  V. 

As  can  be  seen  from  Fig.  5,  the  electrochemical  performance  of 
MnC03  is  much  improved  by  compositing  with  MWNTs.  At  a  cur¬ 
rent  density  of  35  mA  g-1,  the  reversible  capacity  between  0.01  V 
and  3.0  V  could  reach  —688  mA  h  g-1  and  —440  mA  h  g-1  in  the 
first  and  fifth  cycle,  respectively.  The  initial  coulombic  efficiency  is 
-48%.  All  these  values  are  higher  than  that  of  bare  MnC03  in  Fig.  4 
although  they  are  acquired  at  a  higher  current  density  (vs. 
30  mA  g-1  in  Fig.  4).  During  the  subsequent  long-term  cycling,  the 
specific  capacity  is  slightly  increased  from  -328  mA  h  g-1  to 
-351  mA  h  g-1  in  the  initial  30  cycles,  and  is  slowly  decreased 
thereafter  to  -298  mA  h  g-1  at  the  end  of  205  cycles.  The  capacity 
retention  is  -91%  indicating  a  capacity  loss  of  -0.05%  per  cycle. 
Note  also  that  the  current  density  is  more  than  twice  of  that  of 
MnC03  for  long-term  cycling  in  Fig.  4.  The  discharge/charge  curves 
(Fig.  5(b))  have  similar  trends  with  that  of  MnC03  (Fig.  4(b))  except 
that  the  irreversible  capacity  caused  by  SEI  formation  is  larger 
because  of  the  contribution  from  MWNTs  [35].  Therefore,  both  the 
cycling  and  rate  performances  of  MnC03  are  evidently  improved  by 
MWNTs.  Unfortunately,  the  initial  efficiency  of  48%  is  still  too  low 
for  practical  application. 

Fig.  6  shows  the  battery  performance  of  bare  MnO  decomposed 
from  MnC03.  In  the  first  5  cycles,  the  reversible  specific  capacity 
decreases  from  -895  mA  h  g-1  to  -747  mA  h  g_1  at  the  current 
density  of  35  mA  g  1  with  an  initial  coulombic  efficiency  of  —  64%.  In 
the  subsequent  90  cycles,  it  recedes  from  -597  mA  h  g-1  to 
—  237  mA  h  g_1  with  a  capacity  retention  of  —40%  at  the  current 
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Fig.  4.  The  lithium  cyclability  of  MnC03  (a)  with  discharge/charge  curves  at  selected 
cycles  noted  by  numbers  (b). 


Fig.  5.  The  lithium  cyclability  of  MWNTs/MnC03  (a)  with  discharge/charge  curves  at 
selected  cycles  noted  by  numbers  (b). 
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Fig.  6.  The  lithium  cyclability  of  MnO  (a)  with  discharge/charge  curves  at  selected 
cycles  noted  by  numbers  (b). 


density  of  75  mA  g_1.  In  comparison  with  the  previous  MnC03,  the 
specific  capacity  is  much  higher  while  the  cycling  stability  needs  to 
be  ameliorated.  More  importantly,  the  initial  efficiency  is  tremen¬ 
dously  improved  even  comparing  with  MWNTs/MnC03.  During  first 
discharge  (Fig.  6(b)),  SEI  formation  and  interfacial  lithium  storage 
are  also  involved  in  the  major  conversion  reaction  of  MnO 
(MnO  +  2Li+  +  2e  -►  Mn  +  Li20).  Reversed  reaction  takes  place 
during  charging  by  oxidation  of  Mn(Mn  +  Li20  — ►  MnO  +  2Li+  +  2e). 
The  initial  discharge  potential  plateau  is  -  0.23  V,  and  is  raised  up  to 

—  0.50  V  from  the  second  cycle.  The  nano-miniatured  Mn  metal  and 
U2O  after  first  discharge  are  ascribed  for  such  potential  shift 
commonly  existed  in  transition  metal  oxide  anodes  [36].  The 
average  charge  plateau  of  MnO  is  -  1.25  V,  which  is  lower  not  only 
than  that  of  the  previous  MnC03,  but  also  than  that  of  a  lot  of  well- 
known  transition  metal  oxides  such  as  Ru02  37],  C03O4  38]  and 
CuO  [39].  The  discharge  voltages  of  full  batteries  paired  with  MnO 
anodes  are  therefore  fairly  elevated,  so  do  the  energy  densities.  In 
addition  to  low  cost  and  environmental  benignity,  MnO  is  thus  ex¬ 
pected  as  an  attractive  candidate  anode  material  for  future  lithium- 
ion  batteries  among  various  transition  metal  oxides. 

In  analogy  of  MWNTs/MnC03  composite,  the  electrochemical 
performance  of  MnO  sphere  is  also  remarkably  improved  by  sup¬ 
porting  with  MWNTs  conducting  networks.  As  shown  in  Fig.  7(a), 
the  reversible  specific  capacity  of  the  first,  second  and  fifth  cycle  is 

—  1005  mA  h  g-1,  —1036  mA  h  g-1  and  —989  mA  h  g  \  respec¬ 
tively,  when  discharged/charged  constantly  at  35  mA  g-1.  The 
imperceptible  capacity  increase  from  the  first  cycle  to  the  second 
cycle  is  attributed  to  synergetic  lithium  storage  of  each  component 


Fig.  7.  The  lithium  cyclability  of  MWNTs/MnO  (a)  with  discharge/charge  curves  at 
selected  cycles  noted  by  numbers  (b). 


in  the  electrode  [30  .  The  initial  coulombic  efficiency  is  —69%.  At  a 
higher  current  density  of  130  mA  g-1,  the  specific  capacity  is  slowly 
degraded  from  —722  mA  h  g-1  to  —597  mA  h  g^1  after  200  cycles. 
The  capacity  retention  is  -83%  indicating  that  about  -0.09%  ca¬ 
pacity  is  lost  per  cycle.  The  discharge/charge  curves  (Fig.  7(b))  are 
similar  to  that  of  MnO  (Fig.  6(b)).  The  potential  hysteresis  calculated 
from  the  discharge/charge  curves  of  the  second  cycle  is  about  0.7  V. 
Therefore,  MWNTs/MnO  exhibits  the  best  battery  performance 
among  the  4  materials  studied  in  this  paper.  However,  the  initial 
coulombic  efficiency  still  needs  to  be  improved  and  the  potential 
hysteresis  needs  to  be  significantly  reduced  for  practical 
applications. 

The  same  prototype  battery  was  further  galvanostatically  dis¬ 
charged/charged  at  different  current  densities  to  fully  investigate 
the  rate  capability  of  MWNTs/MnO.  The  results  are  shown  in  Fig.  8. 
The  typical  charge  capacity  at  45  mA  g_1,  80  mA  g-1, 145  mA  g-1, 
315  mA  g-1,  540  mA  g-1  and  715  mA  g-1  is  -904  mA  h  g_1, 
-831  mA  h  g"1,  -708  mA  h  g~\  -577  mA  h  g  \  -474  mA  h  g'1 
and  -447  mA  h  g-1,  respectively.  From  45  mA  g-1  to  715  mA  g-1, 
nearly  15  times  of  the  current  is  increased,  but  more  than  half  of  the 
capacity  could  still  be  obtained.  1C  rate  is  usually  used  in  industry  to 
evaluate  the  rate  performance  of  lithium-ion  batteries.  Here, 
MWNTs/MnO  delivers  a  reversible  capacity  of  —447  mA  h  g-1  at 
- 1.6  C  rate  (715  mA  g-1),  which  is  even  larger  than  the  theoretical 
number  of  commercial  graphite  (372  mA  h  g-1).  When  the  current 
density  is  turned  back  to  45  mA  g-1,  a  specific  charge  capacity  of 
—  802  mA  h  g-1  is  recovered.  In  addition  to  suffering  all  the  rigid 
measurements  in  Figs.  7  and  8,  the  lost  capacity  is  also  probably 
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Fig.  8.  Rate  capability  of  MWNTs/MnO.  The  potential  window  is  0.01-3.0  V  (vs.  Li/Li+). 

related  to  the  conversion  reaction  nature  of  metal  oxides  during 
lithium  insertion/extraction  [40].  The  cell  was  ultimately  cycled  at  a 
high  current  density  of  380  mA  g-1  in  Fig.  9.  The  specific  capacity  is 
in  reasonable  agreement  with  Fig.  8  in  consideration  of  rate  capa¬ 
bility.  It  slowly  decreases  from  -419  mA  h  g-1  to  -373  mA  h  g-1 
after  100  cycles.  The  capacity  retention  is  -89%.  Therefore,  -0.11% 
capacity  is  lost  per  cycle.  The  robust  battery  performance  is  a  great 
advancement  to  that  of  our  previous  MWNTs/MnO  composite  rods 
[29]. 

Electrochemical  impedance  spectroscopy  (EIS)  [41]  was  carried 
out  to  understand  the  performance  enhancement  of  MnO  sphere  by 
supporting  with  MWNTs  backbones.  The  Nyquist  plots  of  bare  MnO 
and  MWNTs/MnO  are  shown  in  Fig.  10.  The  spectra  were  collected 
at  the  charged  state  before/after  5  cycles.  All  the  profiles  generally 
have  a  depressed  semicircle  in  the  high  frequency  region  and  a 
slope  line  in  the  low  frequency  region.  The  former  is  associated 
with  charge  transfer  resistance  {Rc t),  and  the  latter  is  attributed  to 
lithium  diffusion  into  the  bulk  materials  (Warburg  impedance) 
[42  ].  The  Rct  of  MnO  is  reduced  from  -  526  Q  to  -  82  Q  after  5  cycles 
while  that  of  MWNTs/MnO  is  reduced  from  -297  Q  to  -35  Q.  The 
charge  transfer  resistance  is  reduced  in  several  cycles  along  with 
cycling  due  to  the  activation  of  electrode  materials  30].  As  has  been 
widely  demonstrate  in  literature  [43-45],  the  inherent  high  con¬ 
ductivity  of  carbon  nanotubes  facilitates  efficient  electron  transfer 
and  transportation  in  the  composite  spheres  by  direct 


Fig.  9.  Cycling  performance  of  MWNTs/MnO  at  a  higher  current  density  of  380  mA  g  \ 
The  potential  window  is  0.01-3.0  V  (vs.  Li/Li+). 
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Fig.  10.  EIS  spectra  of  MnO  (a)  and  MWNTs/MnO  (b)  before  and  after  5  cycles.  Data 
were  collected  between  105  Hz  and  10  2  Hz  at  the  charged  state  after  a  stabilization 
of  2  h. 


interconnections  between  MWNTs  and  metal  oxides.  As  a  result, 
the  Rct  of  MWNTs/MnO  both  at  fresh  OCP  (open  circuit  potential) 
and  after  5  cycles  is  significantly  reduced  comparing  with  that  of 
bare  MnO.  The  intimate  interaction  of  MWNTs  with  nano-MnO 
could  accommodate  the  large  volume  change  of  MnO  during  Li+ 
incorporation  and  extraction  [46],  and  contribute  extra  capacities 
based  on  synergetic  lithium  storage  [30,34]  via  conversion,  inter¬ 
facial  and  insertion  reactions.  The  conversion  and  interfacial  re¬ 
actions  are  contributed  by  MnO  as  identified  earlier  in  Fig.  4  (b) 
while  the  insertion  reaction  mainly  comes  from  CNTs  [44].  Mean¬ 
while,  MWNTs  supported  microsphere  MnO  has  a  tap  density  of 
about  1.6  g  cm-3,  therefore,  is  expected  to  hold  a  large  volumetric 
energy  density  [47,48]  comparing  with  graphite.  Such  unique  ad¬ 
vantages  make  MWNTs/MnO  composite  sphere  an  attractive 
candidate  anode  material  for  next  generation  lithium-ion  batteries. 

4.  Conclusions 

The  electrochemical  performance  of  both  MnC03  and  MnO 
could  be  significantly  improved  by  forming  composite  spheres  with 
MWNTs.  The  embedded  carbon  nanotubes  could  enable  efficient 
charge  transfer  in  the  electrode/electrolyte  interface,  buffer  the 
large  volume  expansion/contraction  during  Li+  insertion/extrac¬ 
tion,  and  offer  extra  capacities  by  synergetic  lithium  storage. 
Comparing  with  MWNTs/MnC03,  MWNTs/MnO  composite  sphere 
shows  a  lower  charging  potential,  a  higher  reversible  capacity  and  a 
faster  rate  capability  with  good  cycling  stability.  Future  efforts  need 
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to  be  put  on  further  improving  the  initial  coulombic  efficiency 
while  minimizing  the  potential  hysteresis  for  practical  application 
of  the  MWNTs/MnO  anode. 
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